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ing	and	 refuge	 sites,	 and	continuous	 tracking	of	 forage/prey—each	associated	with	
different	traits	(body	mass,	diet,	locomotion,	and	conservation	status).	Our	results	pro-
vide	only	partial	support	for	the	hypothesis	that	migration	occurs	without	phyloge-
netic	 constraint.	 Furthermore,	our	 findings	 suggest	 that	 categorizing	migration	 into	
these	 three	 types	 may	 aid	 predictions	 of	 migrants’	 responses	 to	 environmental	
changes.





there	 is	 no	 universally	 agreed	 upon	 definition	 of	migration	 (Dingle,	
2014),	 here	 we	 consider	 migration	 as	 the	 predictable,	 round-	trip,	
seasonal	 movement	 of	 organisms	 between	 two	 or	 more	 locations.	
Migrants	 provide	 vital	 links	 between	 habitats	 that	 are	 physically	 or	
ecologically	 distant,	 transporting	 nutrients,	 propagules,	 and	 patho-
gens	(Bauer	&	Hoye,	2014;	Webster,	Marra,	Haig,	Bensch,	&	Holmes,	
2002).	Humans	are	 influenced	by	many	migratory	 species,	 including	






especially	 since	 migration	 loss	 can	 have	 secondary	 implications	 at	
both	 the	 species	 level	 (population	 decline	 and	 increased	 infection	
risk;	 Bolger,	Newmark,	Morrison,	&	Doak,	 2008;	 Satterfield,	Maerz,	










We	 still	 lack	 a	 unified	 understanding	 of	 which	 species	 migrate	
and	why	 they	do	so.	Although	 it	has	been	suggested	 that	migration	












(Table	1,	 Shaw,	 2016).	 Breeding	migrants	 reproduce	 in	 one	 location	
and	forage	in	another,	migrating	each	time	they	reproduce	(e.g.,	hump-
back	whales	move	between	high-	latitude	 feeding	grounds	 and	 low-	
latitude	breeding	grounds;	Craig	&	Herman,	1997).	Refuge	migrants	










species	 (e.g.,	wildebeest)	having	been	examined	with	 respect	 to	mi-
gration	per se	(Harris,	Thirgood,	Hopcraft,	Cromsigt,	&	Berger,	2009).	





2008).	 To	 develop	 a	 comprehensive	 understanding	 of	what	 factors	








2  | MATERIALS AND METHODS
The	migration	data	we	collected	as	well	as	the	scripts	used	to	conduct	
our	 analyses	 are	 available	 from	 the	Dryad	Digital	 Repository:	 http://
dx.doi.org/10.5061/dryad.78v5j	(Gnanadesikan,	Pearse,	&	Shaw,	2017).
2.1 | Data collection
We	 used	 the	 IUCN	 Red	 List	 as	 our	 comprehensive	 set	 of	 mammal	
species	 (5,420	 extant	 species;	 http://iucnredlist.org;	 exported	 on	 23	
January	 2013).	 For	 each	 species,	 we	 searched	 for	 relevant	 informa-




lished	 in	Mammalian Species	 (http://mspecies.oxfordjournals.org),	 and	
Appendices	 I	 and	 II	 of	 the	 Convention	 on	Migratory	 Species	 (www.
cms.int/pdf/en/CMS_Species_6lng.pdf,	 downloaded	 February	 2012).	
When	primary	sources	were	not	available,	we	used	information	from	




Next,	 we	 classified	 each	 species	 into	 one	 of	 four	 categories:	
(1)	Migratory:	Species	for	which	there	was	a	documented,	clear,	pre-
dictable,	and	regular	movement	on	a	seasonal	(or	longer)	time	scale,	
for	 at	 least	 some	 individuals	 (this	would	 include	 partially	migratory	
species);	(2)	nonmigratory:	Species	for	which	there	was	no	evidence	










population	migrates),	we	classified	 it	 as	migratory.	 If	 there	was	any	







For	 the	 purpose	 of	 this	 study,	we	 define	migration	 as	 a	 round-	trip	
movement,	 on	 a	 seasonal	 or	 annual	 schedule,	 that	 is	 significantly	
     |  3GNANADESIKAN Et Al.
longer	distance	than	daily	movements	and	allows	an	individual	to	make	
use	of	different	resources	in	different	locations.	Movements	classified	
as	migration	 under	 this	 definition	 (although	 a	 subset	 of	 all	 possible	
“migrations”	as	considered	by	some;	Dingle	&	Drake,	2007)	share	cer-
tain	 commonalities,	 particularly	 on	 temporal	 and	 spatial	 scales,	 that	





















treme	cases,	 adults	 do	not	 graze	or	hunt	on	 the	breeding	grounds).	
In	 contrast,	 feeding	 sites	were	 those	where	 adults	 did	 the	majority	
of	 their	 foraging	or	hunting.	 In	some	species,	 individuals	skip	migra-
tion	altogether	 in	years	when	they	do	not	breed.	Refuge	sites	allow	
individuals	 to	 temporarily	 escape	 unsuitable	 conditions	 (e.g.,	 preda-
tion,	temperature,	or	flooding).	Tracking	migrants	moved	between	dis-
tinct	feeding	locations	(e.g.,	to	follow	rainfall-	driven	forage,	seasonal	


















used.	 Semi-	aquatic	 nonmigratory	 species	were	 classified	 as	walkers	
unless	there	was	evidence	that	a	species	made	long-	distance	move-
ments	by	water	(in	which	case	they	were	classified	as	swimmers).
2.6 | Motivation and overview of comparative  
analyses
The	 importance	 of	 accounting	 for	 phylogenetic	 nonindependence	
when	 conducting	 comparative	 analyses	 of	 traits	 across	 species	 is	
TABLE  1 The	ecological	drivers	of	migration,	distilled	into	three	types	(all	photos	are	Public	Domain)













































ing,	 refuge,	 and	 tracking)	 are	 associated	 with	 particular	 life-	history	





ing.	We	 therefore	 take	 a	dual	 approach:	 examining	 the	 influence	of	
locomotion	(walking,	swimming,	and	flying)	and	the	influence	of	life-	
history	variables.
2.7 | The distribution of migration throughout the 
mammal phylogeny: phylogenetic dispersion (1)
Phylogenetic	signal	reflects	whether	species’	traits	are	randomly	dis-
tributed	 throughout	 a	 phylogeny	 (Blomberg,	Garland,	&	 Ives,	 2003;	
Freckleton	 et	al.,	 2002).	 Its	 measurement	 for	 binary	 traits	 (such	 as	
migration)	 is	 often	 considered	 more	 challenging	 than	 for	 continu-
ous	traits	 (e.g.,	body	mass);	here	we	use	D	 to	quantify	phylogenetic	
signal	 (Fritz	&	Purvis,	2010),	which	 is	based	on	Felsenstein’s	 (2005)	




traits	 more	 restricted	 than	 expected	 under	 a	 Brownian	 threshold	










the	 1,000	mammal	 phylogenies.	The	 first	 column,	 “migration:	 over-
all,”	describes	the	distribution	of	migratory	mammals	(n = 158)	in	the	
phylogeny	of	all	mammals	 (n = 965)	 for	which	we	were	able	both	to	
obtain	movement	data	and	to	place	within	the	phylogeny	(Fig.	S1c	in	
Appendix	S1).	The	second,	third,	and	fourth	columns	report	the	dis-
tribution	 of	 breeding	 (n = 24),	 refuge	 (n = 95),	 and	 tracking	 (n = 59)	
migrants,	respectively,	in	the	phylogeny	of	all	mammals	for	which	we	
were	able	to	determine	migration	category.
2.8 | Locomotion and migration type (2)
As	migration	is	a	special	kind	of	movement,	it	seems	likely	to	be	influ-
enced	by	locomotion	type.	By	creating	a	simple	contingency	table,	we	
found	 that	 few	walking	or	 flying	mammals	were	breeding	migrants,	
while	many	were	refuge	migrants	(Table	S3	in	Appendix	S1).	However,	
such	a	contingency	table	does	not	account	for	the	phylogenetic	non-







category	varies),	we	 report	 standard	 effect	 sizes	 (SES)	 of	 each	value	
(Gurevitch,	Morrow,	Wallace,	&	Walsh,	1992).	Each	SES	is	defined	as:
where	obs	 is	 the	observed	shared	branch	 length,	meanrnd	 the	mean	
shared	branch	length	in	100	null	permutations,	and	SDrnd	the	standard	
deviation	of	the	shared	branch	length	in	the	same	null	permutations.	
We	 performed	 50	 null	 permutations	 for	 each	 phylogeny,	 shuffling	
species’	migration	types	following	a	trial-	swap	null	algorithm	(Miklós	
&	 Podani,	 2004)	 while	 keeping	 species’	 locomotion-	type	 constant.	
Locomotion	was	not	 shuffled	because	 it	was	 assumed	 to	be	 a	 rela-
tively	 inherent	 and	 evolutionarily	 difficult	 to	 change	 trait	 compared	
to	migration.	Such	SES	values	allow	us	 to	assess	 the	significance	of	
the	difference	between	observed	shared	branch	 length	and	the	null	
expectation	 given	 the	 distribution	 of	 locomotion	 on	 the	 phylogeny.	
In	Table	S4	in	Appendix	S1,	we	give	these	results,	showing	that	swim-




2.9 | Migration and life history variables (3)
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due	 to	energetic	constraints	 (Alexander,	2005),	 so	we	expect	mi-
grants	to	be	larger	than	nonmigrants,	although	this	may	vary	based	
on	migration	type.











•	 Diet	 breadth—Number	 of	 different	 dietary	 categories	 (vertebrate,	
invertebrate,	 fruit,	 flowers/nectar/pollen,	 leaves/branches/bark,	








category	 coded	 in	 two	 ways.	 First,	 we	 coded	 the	 categories	 as	
numbers,	 as	 has	been	performed	 in	 past	 analyses	with	mammals	
(see	Cardillo	et	al.,	2005;	Isaac,	Turvey,	Collen,	Waterman,	&	Baillie,	
2007):	1	(least	concern),	2	(near	threatened),	3	(vulnerable),	4	(en-
dangered),	 and	 5	 (critically	 endangered).	 Second,	 as	 a	more	 con-
























to	 attempting	 AIC-	based	 model	 simplification	 across	 all	 phylogenies.	
















We	 analyzed	 only	 the	 1,062	 species	 whose	 movement	 patterns	
we	 could	 definitively	 classify	 as	 migratory	 or	 nonmigratory	 (see	
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To	determine	whether	 the	 three	migration	 types	 (refuge,	breed-
ing,	 tracking)	were	supported	by	differences	 in	 life	history	traits,	we	
conducted	 similar	 regressions	 within	 known	 migratory	 mammals	
with	sufficient	 life	history	data	 (114	species).	Again,	body	mass	was	
an	 important	factor;	breeding	migrants	were	 larger,	on	average	(me-
dian	 body	 mass	=	137	kg;	 IQR	=	185),	 than	 refuge	 (3	kg;	 IQR	=	76)	
or	 tracking	 (54	kg;	 IQR	=	195)	migrants	 (p = 0.035;	Tables	 S6,	 S9	 in	
Appendix	S1).	Trophic	level	was	also	significant:	Carnivorous	migrants	































egorization	 scheme	 represents	 real	differences	 in	migratory	 species	
and	that	we	may	be	better	able	to	predict	the	response	and	viability	
of	migratory	species	under	changing	conditions	(including	ecosystem	




not	 just	 known	 migrants.	 These	 distinct	 occurrences	 merit	 further	
study	 as	 they	 potentially	 represent	 independent	 and	 unique	 origins	
of	migration.	The	distribution	pattern	we	observed	(Figure	1)	provides	
only	 partial	 support	 for	 the	 hypothesis	 that	migration	 is	 not	 phylo-
genetically	constrained	 (Alerstam	et	al.,	2003).	Given	 the	mixture	of	
migratory	 states	both	 among	and	within	 lineages,	 it	 is	 possible	 that	
two	separate	factors	play	a	role	 in	whether	a	species	migrates:	first,	
an	evolved	 capacity	 for	migration	 (which	may	 include	 cognitive	 and	
navigational	abilities)	and	second,	current	ecological	conditions	(which	
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migrate).	For	example,	it	seems	likely	that	cetaceans	evolved	the	nec-
essary	 abilities	 for	 migration	 early	 on,	 but	 while	 some	 (e.g.,	 sperm	
whale,	Physeter macrocephalus;	Whitehead,	1996)	occupy	niches	that	
favor	migration,	others	do	not	 (e.g.,	 dwarf	 sperm	whale,	Kogia sima; 
Culik,	2004).
Each	 specific	 migration	 type	 (breeding,	 refuge,	 tracking,	 as	 de-
fined	based	on	the	primary	factors	driving	migration)	was,	like	migra-
tion	generally,	not	 limited	 to	a	 single	clade	of	mammals.	Within	 the	
Cetartiodactyla	(the	clade	with	the	greatest	number	of	migrants),	the	
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